- FINDINGS REPORT:
- VIRTUAL WORKSHOP ON
‘RESILIENT SUPPLY OF
CRITICAL MINERALS’

02-03 August, 2021. Hosted by Missouri S&T.

MISSOURI

Prepared by: Marek Locmelis, Angela Lueking, Michael Moats, Kwame &
Awuah-Offei, Lana Alagha, Mark Fitch, Alanna Krolikowski, Shelby Clark

EEEEEEEEEEEEEEEE

SUSTAINABLE SUPPLY
OF STRATEGIC MINERALS




Workshop Report: Resilient Supply of Critical Minerals

Table of Contents

IS 0 T U USRI 3
Acknowledgements and DISCIAIMEN...........ccooiiiiiiiiiiiiiiiieeee e 4
EXECULIVE SUMMAIY ...ooiiiiiiiiiiiiiiie e 5
1. 1] (oo 18 Tox 1[0 o ISP 6
2 Y13 1 T T PP 8
3. WOrkShop DemOgraphiCS........uuuuiiieeeeie et e e e e e e e e e e e e e e e e eeaaannns 8
4 Breakout Sessions ReSUItS SUMMAIY ........ccooiviiiiiiiiiiiiie e 10
4.1 Session A: Mineral Exploration and Source Diversification..............cccccvvvviieeen.n. 11
4.2 Session B: Supply Chain and PoliCy ISSUES..........ccooiiiieiiiiiiiiicce e 12
4.3 Session C: Improving Mineral Recycling and Reprocessing Technologies.......... 14
4.4 Session D: Technological Alternatives to Critical Minerals...........ccccccccvviiiiiinnn. 16
5. Discussion Of Major tREMES.........ooo i 18
5.1 OVverarching themES. ......ccoo oo 18
5.2 Themes specific to Session A: Mineral Exploration and Source Diversification... 19
5.3 Themes specific to Session B: Supply Chain and Policy Issues..........cc.ccccceunn.... 22
5.4 Themes specific to Session C: Improving Mineral Recycling and Reprocessing
TECNNOIOGIES ... e e e e e e e e et e e e e e e eeenees 26
5.5 Themes specific to Session D: Technological Alternatives to Critical Minerals.... 30
Appendix A: Workshop Agenda / Schedule.............ccooiiiiiiiiiiii e 32
Appendix B: Compilation of comments from each breakout session...................c......... 34
Appendix C: Workshop Organizing COmMmMItEE ..........cooviiiiiiiiiii 66

OKEEFE INSTITUTE

ABLE SUPPLY Page 2 of 66

OF STRATEGIC MINERALS



Workshop Report: Resilient Supply of Critical Minerals

List of Figures

Figure 1: Preferred breakout sessions of workshop participants (n) as indicated during

the WOIrKShOP regiStration ..........iiii e e e e e e e e e e e e e eees 8
Figure 2: A) Breakdown of workshop participants based on sector of employment.

B) Breakdown of student vs. non-student status of workshop registrants........................ 9
Figure 3: Workshop participants by country of residence............ccccoeeevvviviiiiiiiiieeeeeeeenn, 9
Figure 4: Overview of participation in the breakout sessions and top-10 of themes
mentioned during each breakout SESSION ............ciiiiiiiiiiiii e 10
Figure 5: Top-40 themes mentioned during breakout session A: Mineral Exploration

anNd SoUrCe DIVEISITICAION. ... ... s 11
Figure 6: Visualization of Figure 5 as a word Cloud................oeveviiiiiiiiiiiiiiiiiiiiiiiiiiiieeee 11

Figure 7: Top-5 themes mentioned in Session A: Mineral Exploration and Source
Diversification in response to the five questions asked during each breakout session . 12

Figure 8: Top-40 themes mentioned during breakout session B: Supply Chain and

POHCY ISSUES. ..o 13
Figure 9: Visualization of Figure 8 as a word CloUd. ..............oovviiiiiiiiiiiiiiiiiiiieeeeeeeeeeee 13
Figure 10: Top-5 themes mentioned in Session B: Supply Chain and Policy Issues in
response to the five questions asked during each breakout session ..............ccccceevueees 14
Figure 11: Top-40 themes mentioned during breakout session C: Improving Mineral
Recycling and Reprocessing TeChNOIOQIES............uuiiiiiiiiiiiiiecee e 15
Figure 12: Visualization of Figure 11 as a word cloud. .............cccooeiieiiiiiiiiiiiiieeeeeeee, 15

Figure 13: Top-5 themes mentioned in Session C: Improving Mineral Recycling and
Reprocessing Technologies in response to the five questions asked during each

o] == 10 WL AST =TT o] o 16
Figure 14: Top-40 themes mentioned during breakout session D: Technological

Alternatives to Critical MINEralS ..., 17
Figure 15: Visualization of Figure 14 as a word cloud. .............cccoeeeeeiiiiiiiiiiiii e, 17

Figure 16: Top-5 themes mentioned in Session D: Technological Alternatives to Critical
Minerals in response to the five questions asked during each breakout session .......... 18

OKEEFE INSTITUTE

ABLE SUPPLY Page 3 of 66

OF STRATEGIC MINERALS



Workshop Report: Resilient Supply of Critical Minerals

Acknowledgements and Disclaimer

The workshop was made possible by the National Science Foundation (NSF) through
award #2015217: Workshop i Resilient Supply of Critical Minerals awarded to Marek
Locmelis (PI, Missouri S&T), Angela Lueking (Co-PIl, Montana Technological University),
Michael Moats (Co-PIl, Missouri S&T), Kwame Awuah-Offei (Co-Pl, Missouri S&T),
Alanna Krolikowski (Co-PI, Missouri S&T), Lana Alagha (SP, Missouri S&T) and Mark
Fitch SP (Missouri S&T).

The workshop was initially planned for May 2020 on the Missouri S&T campus, Rolla,
Missouri, USA. Owing to the global COVID-19 pandemic, the format of the workshop was
changed to a hybrid virtual / in-person mode. The virtual workshop on August 2-3, 2021,
which findings are presented here, will be followed by an in-person workshop in mid-2022
(subject to change if the COVID-19 pandemic remains a health concern).

The findings presented in this report are solely based on discussions during the
workshop, i.e., keynote lectures and breakout sessions. The views and opinions
presented here do not necessarily reflect those of the workshop organizers who prepared
the report.

Recommended citation: Locmelis, M., Lueking, A., Moats, M., Awuah-Offei, K., Alagha, L., Fitch,
M., Krolikowski, A, & Clark, S. (2021): Findings Report: Virtual Workshop on Resilient Supply of
Critical Minerals, 2-3 August 2021, Missouri University of Science and Technology, Rolla,
Missouri, USA.

OKEEFE INSTITUTE

ABLE SUPPLY Page 4 of 66

OF STRATEGIC MINERALS



Workshop Report: Resilient Supply of Critical Minerals

Executive Summary

On August 2-3,2021,t he Thomas J. O06Keefe Institute

Minerals at Missouri University of Science and Technology (Missouri S&T) hosted the

f

or

NSF-f unded virtual wor kshop 6ResThewakshopwas ppl vy

convened via Zoom and attracted 158 registrants, including 108 registrants from
academia (61 students), 30 registrants from government agencies, and 20 registrants
from the private sector. Four topical sessions were covered:

A. Mineral Exploration and Source Diversification.

B. Supply Chain and Policy Issues.

C. Improving Mineral Recycling and Reprocessing Technologies.
D. Technological Alternatives to Critical Minerals.

Each topical session was composed of two keynote lectures and followed by a breakout
session that was designed to identify promising pathways towards increasing critical
supply chain resilience in the United States. During each breakout session, participants
were asked to address five questions:

Q1. What are the roadblocks that affect the resilient supply of critical minerals?
Q2. What are the most pressing research needs?

Q3. What opportunities can lead to the fastest and biggest impact?

Q4. What skills training is required to meet future workforce demands?

Q5. What other questions should be asked, but are commonly overlooked?

Several issues that limit critical mineral supply chain resilience in the United States were
identified and discussed in all breakout sessions, including:

1. Insufficient understanding of domestic critical minerals resources. To address this
issue, workshop participants highlighted the need for (i) more geologic research to
identify new and evaluate existing resources; and (ii) a qualitative and quantitative
assessment of critical minerals that may be recovered as by/co-products from
existing production streams.

2. Technical limitations of current mineral processing and recycling technologies. To
address this issue, workshop participants highlighted the need for (i) innovative
mineral processing technologies, including more environmentally friendly
chemicals/solvents, and (ii) automated recycling technologies for appliances and
e-waste. Participants also highlighted the need for a centralized and simplified way
to collect recyclable materials, and incentives for the public to participate in
recycling.

3. Long permitting processes for mining and mineral processing operations, with
often _unpredictable outcomes. To address this issue, workshop participants
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suggested the development of new critical mineral focused policies with faster
processing times and more transparent / predictable decision-making processes.

4. The negative public image of mining and mineral processing operations. To
address this issue, workshop participants suggested to design public outreach /
education initiatives and to include local communities into decision-making
processes.

5. Limited availability of a critical mineral workforce. To address this issue, workshop
participants suggested an increased focus on critical mineral specific skill training
in higher education institutions, and advanced training of the existing workforce.

1. Introduction

On June 4, 2019, the U.S. Department of Commerce released the strategic report A
Federal Strategy to Ensure Secure and Reliable Supplies of Critical Mineralsa This report
outlines six Calls to Action that, if executed, will reduce the vulnerability of the United
States to critical mineral supply disruptions. These six Calls to Action are:

1. Advance Transformational Research, Development, and Deployment Across
Critical Mineral Supply Chains.
2. Strengthen Americads Critical Mi nersel Suppl
3. Enhance International Trade and Cooperation Related to Critical Minerals.
4. Improve Understanding of Domestic Critical Mineral Resources.
5. Improve Access to Domestic Critical Mineral Resources on Federal Lands and
Reduce Federal Permitting Timeframes.
6. Grow the American Critical Minerals Workforce.
In 2020, the ThomasJ.O6 Keef e I nstitute for Sustainabl e

at Missouri University of Science and Technology (Missouri S&T) received funding from
the National Science Foundation (NSF) to host a workshop on the Missouri S&T campus
(Rolla, Missouri) to identify research needs associated with these Calls to Action. Initially
scheduled for May 2020, the in-person workshop was cancelled because of the global
COVID-19 pandemic. The format of the workshop was changed to a two-part hybrid
mode, comprising (i) a virtual workshop held via Zoom on August 2-3, 2021; and (ii) an
in-person workshop currently expected to be held in mid-2022. The virtual 2-day
workshop was divided into 4 themed topical sessions:

Day 1:
Session A: Mineral Exploration and Source Diversification

Keynote Lectures:

1 Thomas C. Crafford, Warren C. Day, Michael J. Magyar  (National Minerals
Information Center, U.S. Geological Survey): The critical mineral potential of the
United States and USGS efforts to facilitate new mineral resource discovery.
1 John Uhrie (Doe Run Company): Critical mineral resources and the challenges to
providing them into Americads supply chain
O'KEEFE INSTITUTE
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Session B: Supply Chain and Policy  Issues.
Keynote Lectures:

1 Thomas E. Graedel (School of Forestry & Environmental Studies, Yale
University): The implications of technological innovations for critical mineral supply
chains.

1 Julie M. Klinger , Department of Geography and Spatial Sciences (University of
Delaware): Global rare earth politics: A pathway forward.

Day 2:
Session C: Improving Mineral Recycling and Reprocessing Technologies.

Keynote Lectures:
1 Nedal T. Nassar (National Minerals Information, Center, U.S. Geological Survey):

USGS6 material flow modeling that it
recycling and reprocessing in determining criticality.
1 Michael Moats ( O6Keef e I nstitute for Sus tras]

Missouri University of Science and Technology): Where have all the smelters
gone? Americaods dep e fiedausnincetal pmductibnor ei gn

Session D: Technological Alternatives to Critical Minerals.
Keynote Lectures:

1 Jon J. Kellar, Prasoon Diw akar, Samuel Kessinger (Department of Materials
and Metallurgical Engineering, South Dakota School of Mines and Technology):
The lllicit Economy and the Role of Critical Minerals.

1 Roderick G. Eggert (Critical Materials Institute, Colorado School of Mines):
Mineral resources for the energy transition: research needs for assuring resilient
supply chains.

The keynote lectures were followed by breakout sessions that discussed research needs
associated with the four topical themes. During each breakout session, the workshop
participants were asked to answer the same five questions:

Q1. What are the roadblocks that affect the resilient supply of critical minerals?
Q2. What are the most pressing research needs?

Q3. What opportunities can lead to the fastest and biggest impact?

Q4. What skills training is required to meet future workforce demands?

Q5. What other questions should be asked, but are commonly overlooked?

= =4 =4 -4 -9
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2. Methods

Each breakout session independently discussed how critical mineral supply chain
resilience can be improved in the United States within the framework of the topical
themes. Two parallel breakout sessions were convened each day that followed the topical
sessions of the day. Participants were asked during the workshop registration process
which session they planned to attend (Fig. 1).

Preferred Breakout Sessions

. Day 1:
Session D way L
n=50 ‘\ Session C ™ Session A: Mineral
n=100 Exploration and Source
/_ Diversification

Session B
n=58 —
m Session B: Supply Chain
& Policy lssues

Day 2

m Session C: Mineral
Recycling &
Reprocessing
Technologies

Session D: Technological
Session A Alternatives to Critical
n=93 Minerals

Figure 1: Preferred breakout sessions of workshop participants (n) as indicated during the workshop
registration. Note that not all participants stated a preferred session for both days and were assigned a
session randomly.

During the breakout sessions, the participants used Google Jamboard to address the
five questions outlined above. Answers were added to Google Jamboard anonymously
using Google Jamboardd PBost-It function. The answers were grouped into categories to
allow for the graphical and tabular presentations in Section 4: Breakout Sessions Results
Summary.

3. Workshop Demographic s

A total of 158 participants registered for the workshop, including 108 participants from
academia, 30 from government agencies at the federal and state levels, and 20 from the
private sector (Fig. 2-A). Participants from academia included 97 faculty/staff and 61
students (Fig. 2-B). Fourteen countries were represented in the workshop (Fig 3). The
majority of participants were from the United States (n=143). Other represented countries
included China (n=2), Peru (n=2), and one registered participant from each of the
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following countries: Austria, England, France, Ghana, India, Iran, Italy, Scotland, Sweden,
Switzerland.

Participants by Sector Student vs Non-Student Status of Participants
n=158 n=158

A B

Government
30

Non-student
97

Academia
108

Figure 2: A) Breakdown of workshop participants based on sector of employment. B) Breakdown of
student vs. non-student status of workshop registrants from academia.

Participants by Work/Study Country
n=158
Peru
Sweden

0.6%, (1)
Switzerland
0.6%, (1)
UK (England)
UK (Scotland)
0.6%, (1)
Austria
0.6%, (1)

Italy
0.6%, (1)

S
0'60/0, (1 )
Other
& 9.5%, (15) India
90.5%, (143) o

Ghana

e 06% (1)
TN Canada
\ 0.6%, (1)
France ;
China
0.6% (1) 1.3%, (2)

Figure 3: Workshop participants by country of residence.
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4. Breakout Sessions Results Summary

The goal of the breakout sessions was to identify promising pathways towards increased
critical supply chain resilience in the United States. Figure 4 summarizes the top-ten
themes that were discussed during each session. A more detailed breakdown of the major
themes, and the relative frequency in which they were mentioned by the participants, is
presented in sections 4.1 to 4.4.

Participation and Theme Frequency by Session

0®
2
Q\O
P

Figure 4: Overview of participation in the breakout sessions and top-10 themes mentioned during each
breakout session. The size of individual pies reflects the relative frequency of which individual themes
were mentioned.
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4.1 Session A: Mineral Exploration and Source  Diversification.

Figure 5 shows the top-40 themes mentioned during breakout session A and the
frequency with which these themes were mentioned. Figures 6 and 7 present the data
from Figure 6 visually in a word cloud and sunburst diagram, respectively. Representative
answers to the five individual questions are presented and discussed in Chapter 5; a
compilation of all answers is presented in Appendix B.

Session A: Top 40 Themes
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Figure 5: Top-40 themes mentioned during breakout session A: Mineral Exploration and Source
Diversification. The themes cover all five questions asked during the breakout sessions.
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Figure 6: Visualization of Figure 5 as a word cloud.
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Session A Theme Frequency by Question

c
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o
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Figure 7: Top-5 themes mentioned in Session A: Mineral Exploration and Source Diversification in
response to the five questions asked during each breakout session. The size of each pie slice indicates
the relative frequency of mentions. Q1: What are the roadblocks that affect the resilient supply of critical

minerals? Q2: What are the most pressing research needs? Q3: What opportunities can lead to the
fastest and biggest impact? Q4: What skills training is required to meet future workforce demands? Q5:

What other questions should be asked, but are commonly overlooked?

4.2 Session B: Supply Chain and Policy Issues

Figure 8 shows the top-40 themes mentioned during breakout session B and the
frequency with which these themes were mentioned. Figures 9 and 10 present the data
from Figure 8 visually in a word cloud and sunburst diagram, respectively. Representative
answers to the five individual questions are presented and discussed in Chapter 5; a
compilation of all answers is presented in Appendix B.
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Session B: Top 40 Themes
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Figure 8: Top-40 themes mentioned during breakout session B: Supply Chain and Policy Issues. The
themes cover all five questions asked during the breakout sessions.

Figure 9: Visualization of Figure 8 as a word cloud.
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